Peripheral vision serves to direct our attention and fixation to objects of interest. This requires that the visual system be capable of accurately localizing peripherally presented targets having different spatial structures. The question we address is "to what extent does stimulus spatial structure influence the precision of peripheral localization?" To address this issue, we measured the precision of spatial localization (with reference to a fovea] target) for a single Gaussian or Gabor'patchbriefly presented in the periphery. For both stimuli, we find that when the standard deviation of the stimulus envelope (SD) is less than 1/5 the stimulus eccentricity, Idealization thresholds are independent of SD and are approximately 1/50 of eccentricity. For larger values of SD, localization thresholds increase linearly with increasing SD, and are approximately 1/5 of SD. The results hold over a range of eccentricities (from 2,5 to 10 deg) and stimulus contrasts (from near detection threshold to SO%).In addition, for Gabor patches, the results are independent of frequency, phase and orientation of the carrier.
INTRODUCTION
Peripheral vision serves to direct our attention and fixationto objectsof interest.In order to accuratelydirect our attention and fixation, the visual system must be capable of accurately localizing peripherally presented targetswith differentspatialstructures.Whilethe fovea is exquisitely sensitive to spatial position, the spatial grain of peripheral vision is relatively coarse. In many of the studies that have examined sensitivityto spatial position in peripheral vision, the observers' task was to localize the positionof one peripheraltargetwith respect to that"of another, nearby, peripheral target. These studies of peripheral localization generally suggest a rapid fall-off in relative position-acuity with increasing eccentricity (Bourdon, 1902; Westheimer, 1982; Levi et al., 1985; Whitaker et al., 1992; Yap et al., 1987a Yap et al., , 1989 . Even when the stimuli are equated for. visibility (by setting contrast to a fixed multiple of contrast at detection threshold), relative position-acuity falls off markedly with increasing eccentricity (Levi & Kiein, 1990a; Hess & Watt, 1990; Waugh & Levi, 1993a; Levi & Waugh, 1994; Levi et aZ.,1994a Levi et aZ., , 1994b .
Other recent studies have addressed the issue of "absolute" spatial localization (i.e., localization of a single peripheral target- Klein & Levi, 1987; Levi & Klein, 1990b; White et al., 1992; Waugh & Levi, 1993b) . In these experiments,localizationof a.peripheraltarget is judged not with respect to other peripheral targets, but relative to either the fovea or an internalreference (hence the quotationmarks around"absolute").Accordingto the findings from these experiments, the precision of "absolute" localization: (i) is dependent on eccentricity (its precision may be as acute as 1/100 of the target eccentricity) and (ii) depends very little upon stimulus attributes such as polarity (Levi & Waugh, 1996) and contrast (Waugh & Levi, 1993b) . It is interesting to compare these findingswith what the predictionswould be if a local sign mechanism (Lotze, 1885) were to mediate spatial localization. Lotze originallyproposed that each visual mechanism has associated with it a topographic position label (i.e., each mechanism has an associated visual direction in space) referred to as its local sign. The precision of this position label is degradedwith increasing eccentricity of the mechanism. While Lotze envisioned each retinal receptor having a local sign, the visual system might actually derive local signs from the distribution of activity across cortical positions, (Matin, 1972) . Thus, several 'computationalmodels of spatial vision utilize zero-crossings (Marr, 1982) , centroids (Watt & Morgan, 1985) ,or energy peaks (Klein& anchoredin a spatialcoordinatemap to derive local sign information. A topographic local sign code would predict that localization thresholds: (i) depend strongly on target eccentricity,since the precisionof local signsis degraded with increasing eccentricity, and (ii) show little dependence upon stimulus structure, the primary factor influencing localization being the precision of the local signs. These predictions are very similar to the results from "absolute" localization experiments summarized above. Thus, those results are consistentwith the notion of a local sign mechanism for "absolute" localization. Such a local sign mechanism would be very useful for directing eye movements to peripheral targets (Lotze, 1885) .
The notion that a local sign code may also be useful in relative localization is suggested by several studies showing that for widely separated stimuli, the stimulus structure has little influenceon the precision of localization. For example, many studies of positional acuity using widely separated Gabor patches have concluded that the stimulus spatial frequency (SF), orientation and color are irrelevant (Burbeck, 1987; Toet, 1987; Toet & Koenderink,1988; Kooi et al., 1991; Levi& Klein, 1992; Hess & Holliday, 1992) .
On the other hand, several findings are not consistent with a simple eccentricity-dependentlocal sign model. For stimuli with small inter-element separation, relative localization thresholds can be strongly influenced by stimuluscontrast(e.g. Waugh & Levi, 1993b) . Sterken et al. (1994) have shown that relative localization thresholds are task dependent. They (and others) have suggested that the position labels (for each feature, or for a peripheral stimulus and foveal fixation target) are compared at a later stage using somethinganalogousto a cortical ruler. Thus, position thresholdswould be limited not only by the spatial uncertainty within the local position labels, but also by noise in the later comparison stage (Klein & Levi, 1987; Levi & Klein, 1990b; Burbeck, 1987; Burbeck & Yap, 1990; Morgan, 1991; Morgan & Watt, 1989; Waugh & Levi, 1993b; Wang & Levi, 1994) .
Another argument against a simple eccentricitydependent local sign code is the recent finding by Hess & Hayes (1994) that relative spatiallocalizationof Gabor targets is dependent on stimulus structure rather than stimulus eccentricity. Hess and Hayes reported that thresholds for localizing a peripheral Gabor patch (relative to a pair of fixed peripheral Gabor patches) are dependenton the standard deviation(SD) of the stimulus envelope, rather than on the stimulus eccentricity. However, in a critical experiment,they used stimuliwith extremely large amounts of blur. It is not clear whether their result can be generalized either to the case of "absolute" localization, or to smaller amounts of blur. This issue is importantsince it bears upon how the visual system codes for spatial position.
The question addressed in the present paper is "how well can one localize a peripheraltarget, while fixatinga (different) foveal target, and how does the precision of localizationdepend on the structureof the stimulus?".To address this issue we measured the precision of "absolute" spatial localization of a single Gaussian or Gaborpatch presentedbrieflyin the periphery,*while the observer fixated a small, high contrast, foveal target (a square). The use of Gabor and Gaussian patches permitted us to vary stimulus structure and bandwidth in a more systematic way, compared to the previous studies of "absolute" localization. We varied the eccentricity, envelope,size and peak contrast of the two stimuli and also the frequency, orientation and phase of the carrier of the Gabor patch in order to determine the influenceof stimulusstructureon peripherallocalization. To anticipate, our results suggest the following simple rules: (i) when the SD of the stimulusenvelopeis smaller than about 20% of the stimulus eccentricity, "absolute" peripheral position thresholdsare independentof the SD and are about 1/50of target eccentricity,and (ii) when the SD of the stimulusenvelope is larger than about 20% of the stimulus eccentricity, "absolute" localization thresholds increaselinearlywith increasingSD and are equal to about 1/5of the SD. The resultshold for both stimuliover a range of eccentricities(from 2.5 to 10 deg) and stimulus contrasts (from near ,detection threshold to 80%). In addition, for Gabor patches, the results are independent of frequency, orientation and phase of the carrier.
METHODS
The stimuliused in our experimentswere mostly either circular Gaussian patches of the form:
or verticallyorientedcircular Gaborpatches (i.e., vertical one-dimensionalgratingsmodulatedin both the x-and ydimensionsby Gaussian envelopes) of the form:
where G(x,y) is the intensityprofile of the stimulus,o is the SD of the Gaussian envelope, N is the number of cycles of the gratingwithin one SD, and@ is the phase of the grating. In a small number of cases, the stimuli consistedof horizontallyoriented Gaborpatches (see Fig.  7 ). Horizontally oriented Gabors were constructed by mathematically rotating the coordinate system appropriately. The envelopes of the stimuli were truncated beyond three SDSfrom the centers of the stimuli.Within each sub-experiment, stimulus contrast [specified as Weber contrast = (peak intensity-background intensity)/backgroundintensity]either was fixed at 80% (e.g., Figs 2 and 3), was varied systematically(e.g., Fig. 6 ), or was a fixed multiple (twice) of the observers' contrast detection threshold (e.g., Fig. 7 ). For Gabor patches, the spatial frequency full bandwidth (specified at half the peak amplitude) is given by 0.55/N octaves (Levi & *Whilewe refer to the task as an absolutepositiontest, the observeris actually localizing the patch relative to a fixation target, so in principle, the separation between the patch and the fixation target (rather than the patch eccentricity) may be the critical factor. This issue is addressed in two control experiments (Fig. 8) . Klein, 1992) .Thus, the use of Gabor patchespermitted us to systematically vary the bandwidth of the stimuli. Examples of the Gaussian and Gabor patches and the fixation square are shown in Fig. 1 . The stimuli were generated by a Vision Research Graphicsboard housed in a 486-basedpersonalcomputer and were displayedon a U.S. Pixel monitor screen with a green (P31) phosphor. The screen size was 38 x 30 cm, roughly subtending21.5 x 17.1 deg at a viewing distance FIGURE 1. Examples of our stimuli (Gaussian patches and Gabor patches) and the fixation target. The left panel shows five Gaussian patches whose standard deviations are, from top to bottom: 0.007, 0.014, 0.028, 0.126 times the patch eccentricity (in our experiments, for example, 10 deg when viewed from a distance of 1 m). The bottom patch represents the largest patch size used in our experiments, 0.252 times the patch eccentricity, and was viewed from a distance that was half that used for the other patches.Each of these patches is shownwith a near thresholdupwardoffset of 0.2 times the eccentricityof the patch relative to the fixation point. The right panel illustrates five Gabor patches. The top two patches have the same standard deviation (0.084 times the patch eccentricity) but differ in carrier frequency (0.5 c/SD, top; 4 c/SD, second from top). These two panels are shownwith a near thresholdupwardoffset of 0.02 times the eccentricity of the patch. The third and fourth patches have an SD of 0.028 times the patch eccentricity, and a carrier frequency of 0.5 c/SD, but differ in their orientation(vertical and horizontal,respectively).These two panels are shown with a near threshold upward offset of 0.017 times the eccentricity of the patch. The bottom patch has an SD of 0.252 times the patch eccentricity, and a carrier frequency of 4.5 c/SD. This patch is shown with no offset.
of 1 m. The experimentwas conductedin a room that was dark except for the illumination provided by the screen (mean luminance 75 cd/m2). Chin and forehead rests were used to minimize the observers' head movements. In one experiment(see Fig. 8 ) we used a pair of identical patches.The stimuliin this experimentwere generatedby a Cambridge Research System VSG board on a Mitsubishi Diamond Scan 20H monitor with a mean luminance of 58 cd/m2. We presented briefly flashed Gaussian or Gabor patches to the peripheral visual field of each observer's left eye (the right eye was occluded with an eye patch) while the observer fixated a small, high contrast square. The observer judged the iso-eccentric position of the patch with reference to the fixation square, i.e., whether the patch was higher or lower than the fixation square. From each observer's responses we estimated his/her precisionfor localizingthe patch-i.e.,we estimatedhis/ her peripheral position threshold. Position thresholds were estimated for a variety of stimulus conditions.
In order to obtain a criterion-free estimate of the precision of localization, we employed a self-paced rating-scale method of constant stimuli in all experiments. The observer initiated a trial, followingwhich the fixation square appeared for 900 msec. About 500 msec (sufficienttime for accuratefixation)after the appearance of the fixationsquare, the peripheralpatch was presented. The patch was randomly positioned in one of five predetermined equi-spaced iso-eccentric positions, ranging from two steps higher to two steps lower than the fixation square. The step-size for each run was chosen such that the responses spanned a large part of the permissible range of the psychometric function. The patch was presented for 200 msec, with an abrupt onset and offset.The fixationsquareremained on the screen for an additional200 msec. In order to minimize unwanted position cues from fixed landmarks such as the screen edges, on each trial, the vertical position of the entire stimulus (fixation point and peripheral patch) was randomly jittered by up to two times the step-size for the run. Following each stimulus presentation, the observersignaledhis/herpositionjudgment by providing integernumbersfrom -2 to +2. Followingthe observer's response, the computer provided feedback as to the direction and magnitude of the offset and initiated the next trial. This self-paced, rating-scale method of constant stimuli has been discussed in greater depth elsewhere (Levi & Klein, 1990a) ,and is describedbriefly below.
Each experimental run consisted of 125 trials, preceded by 10 practice trials. Within a run, we kept the spatial structure of the peripheral patch constant and varied only its position. Between runs we varied the spatial structure of the patch by changing, in the case of the Gaussian stimulus, the envelope SD or the contrast (from near threshold to 80%), and in the case of the Gabor stimulus, the envelope SD, carrier SF, carrier phase (sine or cosine)or carrier orientation(horizontalvs vertical). We measured position thresholdsunder differ-ent stimulus conditions at several retinal eccentricities rangingbetween 2.5 and 10.0 deg. We varied eccentricity by increasing the viewing distance in inverse proportion to the desired eccentricity of the patch (from 1 m for a 10 deg eccentricity,to 4 m for an eccentricityof 2.5 deg), without varying the distance (in linear units or screen pixels) between fixationsquare and peripheralpatch. For the largest Gaussianenvelopestested (see lowerpanels of Fig. 1 for examples) , we doubled the angular size of the screen by halving the viewing distance.An experimental sessiongenerallyconsistedof about 7-10 runs (lasting l-2 hr) at a fixed eccentricity. The peripheral patch was always presented in the nasal visual field (i.e., temporal retina) in order to avoid testing near the physiological blind spot (see Tripathy et al., 1996 for position judgments near the blind spot).
In order to obtain a criterion-free estimate of the threshold for the precision of peripheral localization,we used a maximum-likelihoodfit to the rating-scaledata to estimate the d' values for each stimulus position tested over a run and interpolated to a d' value of 1 (84% correct) using a linear transducer function. Our position thresholds represent the precision for discriminatingthe direction of the offset. Runs in which the d' for the smallest step was less than 0.4 (too hard) or greater than 1.7 (too easy) were discarded.The thresholdsreported are based upon averaging the threshold estimates (weighted by the inverse variance) of at least four runs (500 trials), and the error bars reflect both within and between run variance (Klein, 1992) .
In some experiments,we kept the visibilityof the patch constant across a ran,ge of envelope sizes or carrier frequencies, by presenting the patch at a fixed multiple (twice) of the contrast detection threshold for each condition. Contrast detection thresholds too were measured using a self-paced rating-scalemethod of constant stimuli (Levi & Klein, 1990a) .Here the stimuluson each trial consisted of a patch presented at a fixed eccentric position, with contrast being varied between trials. Observers rated the contrast of the patch on a scale of O to 4. Detection thresholdswere specifiedat a d' value of 1. The threshold values used for normalizing the patch visibility represent estimates obtained by averaging the thresholdestimates (weightedby the inversevariance) of at least four runs (500 trials).
One of the authors (DL), and three other highly practiced psychophysical observers participated. With the exception of DL, all observers were unaware of the purpose of the experiments. All observers had normal vision, and wore appropriate refractive correction if necessary. Prior to data acquisition, the observers practised until their thresholds stabilized.
RESULTS

Localization of Gaussianpatches
Thresholdsfor localizinghigh contrast(80%) Gaussian patches with varying SDSwere obtained at eccentricities of 2.5, 5.0 and 10.0 deg for two observers. The SDS ranged from approximately 1/142 to about 1/4 of the patch eccentricity (for example, at an eccentricity of 10 deg, SD varied from about 0.07 to 2.54 deg). Measurements were also made!fora subsetof the conditionsfor a third observer. Figure 2 showsthese thresholdsplotted as a functionof the SD of the Gaussianenvelopefor the two observers on whom the entire set of conditions was tested. The data from the third observer were similar (open diamondsin Fig. 3 ). The dashed lines representfits to the data (obtained using Igortm software) for an equivalentblur model: (3) where Th is the positiopthresholdat a given eccentricity, k is a multiplicativec~nstant (which depends on factors such as where on the psychometricfunctionthe threshold is defined),a. is the SQ of the Gaussianenvelope(i.e., the externalblur or the sti~ulus blur), and~i is the SD of the blur resulting from an~intrinsic source of variance (i.e., the equivalent intrinsic blur). The variances of the external and the intrin$icblur are expected to add since they are uncorrelated.Thus,~i represents the amount of external blur that elev#es position threshold by a factor of {2 relative to the asymptoticposition threshold (i.e., relative to k~i-the~osition threshold extrapolated to zero external blur).~i~canbe seen as the abscissa value correspondingto the in@ection point of each curve in Fig.  2 (indicatedby the sy~bols near the abscissa).The theory underlying these equi~alent noise models is detailed in Pelli (1990) . This mddel has previously been used to estimate equivalent intrinsic blur in localization experiments (Watt & Hess,~1987; Levi & Klein, 1990a) . For present purposes, this hodel is useful in quantifyingthe effect that varying the blur of the stimulushas on position thresholds. Figure 2 shows thaj at a given eccentricity, position thresholds vary little with stimulus SD when the SD is small; however, whep the stimulus SD exceeds~i, position thresholds i~crease linearly with increasing stimulus blur. The key points to be noted are: (i) the intrinsic blur increases with eccentricity; (ii) when the external blur is less than the intrinsic blur, thresholds increasewith eccentricity;and (iii)when the externalblur exceedsthe internalblur, thresholdsare dependenton the external blur rather than the eccentricity. This can be observed clearly in Fig. 2 , where thresholds at 5 deg eccentricity approach thresholds at 10 deg eccentricity when the SD is 1.25 deg.
The X in a circle ( Fig. 2) shows the results of a control condition to test the effect of viewing distance. In this condition, the peripheral patch was at 10 deg, but the viewing distancewas halved (to 50 cm). At this distance, the screen subtended 41.6 x 34.2 deg. Halving the viewing distance did not significantly influence our results. This control is important, because it rules out the possibilitythat the observer used the screen edges to localize the patch (since the distance to the screen edges was doubled). 
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FIGURE2. Position thresholds obtained with highcontrast (80%) Gaussianpatches plotted as a function of the SD of the Gaussianenvelopefor two observers.Symbolize is proportionalto the target eccentricity. The error bars in this and subsequentfiguresrepresent f 1 standarderror. The X in a circle showsthe results of a control conditionto test the effect of viewing distance. In this condition,the peripheral patch was at 10 deg, but the viewing distance was halved (to 50 cm). The dotted and dashed lines represent tits to the data at each eccentricity using the equivalentblur model (Eqn 3). The symbolsnear the abscissa show~i (the equivalent intrinsic blur as estimated from the tits). 
Localization of Gaborpatches
Effects of envelope size. In the next experiment, position thresholds were measured for high contrast vertical Gabor patches. Thresholdswere measured at an eccentricity of 10 deg for envelope SDS ranging from 0.07 to 2.54 deg for the Gabor patches.The spatialperiod of the carrier was fixed at 0.28 deg (i.e., carrier SF was 3.57 c/deg), except for the conditionwith the largest SD which is described below. Figure 3 shows position thresholdsfor three observers as a function of the envelope SD. For comparison, observer KN's position thresholds at the same eccentricity (10 deg) for the Gaussian stimuli are shown (DL and HD's Gaussian thresholdsare shown in Fig. 2 ). The dashed lines represent fits using the equivalent blur model described earlier [equation (3)]. As with Gaussian patches, localization thresholds are fairly constant for envelope SDS smaller than~i (symbols near the lower abscissa) and increase sharply when the SDS exceed~i. Since the carrier period in pixels is constant, the Gabor bandwidth varies 20-fold over the range of Gaussian envelopes tested. Specifically,N, the number of cycles per SD varies from 0.25 to 5 (top abscissain Fig. 3 ). (The rightmostpoint labeled as having a carrier period of 0.56 deg, was obtained at half the viewing distance so it also contained5 c/SD). As notedbefore, full bandwidthat half maximum is equal to 0.55/Noctaves. So, as the envelope SD increases from =0.07 to 1.27 deg, the bandwidth of the Gabor patch decreases from 2.2 to 0.11 octaves (the rightmostpoint labeled 0.56 deg also has a bandwidth of 0.11 octaves). For all three observers, thresholds are almost invariant for patches with a carrier frequency of 3.57 c/deg and Gaussian envelopes less than 0.85 deg (i.e., for bandwidths between 2.2 and 0.22 octaves, centered at a SF of 3.57 cldeg). Table 1 . In Fig. 4 , the values of~i and the asymptotic thresholdsfor DL and HD are plotted as a function of the eccentricity of the peripheral patch. Both the asymptotic thresholdand~i increaseroughlylinearlywith increasing eccentricity.The lines fit to the data of Fig. 4 represent:
where ThasYrn and Oi are the asymptotic threshold and equivalentintrinsicblur respectively,k is a constant,Ecc is the eccentricityof the patch, and E2 representsthe rate of fall-off with eccentricity (i.e., it is the eccentricity at which the foveal asymptotic threshold or intrinsic blur doubles, the foveal value being obtained by extrapolation). For the Gaussianand Gabor patches of HD and DL In the next experimentwe varied the carrier SF of an 80'%contrast Gabor patch, keeping the envelope SD fixed at 0.85 deg (the fixed SD condition).Position thresholdswere measured for carrier SF ranging from O(Gaussian patch) to 6 c/SD. We also conducted experiments where we varied the SD of the envelope, keeping the carrier SF of the 80Y0contrast Gabor patch fixed at 3.57 c/deg (the fixed SF condition). The range of SDStestedwas such that there were between *Only the data for the two observers who were tested at all three eccentricities were includedin the fitting.Error bars are large since there are no data at small eccentricities; so the precise value of Ez is difficult to assess.
0.5 and 4 cycles of the carrier per SD. Positionthresholds were measured for each selected SD. Figure 5 plots the position thresholds against the carrier SF expressed in cycles per SD of the envelopefor the fixed SD condition and for the fixed SF condition.Also shown, for purposes of comparison, are the position thresholds for the Gaussian patches. All symbols shown at a carrier SF of Oc/SD represent position thresholds for Gaussian patches.
In the top panel of Fig. 5 , the triangles represent thresholds for observer DL measured at 10 deg eccentricity under the fixed SD condition.Peripheral localization thresholds are almost unaffected by varying the carrier SF from O(envelopeonly) to 4 c/SD, and there is only a slighteffect when the carrier SF is increasedto 6 C/ SD (or R7 c/deg). This is a relatively high SF at 10 deg eccentricity, so the low visibility of the patch could CarrierFrequency(cyclee/SD) FIGURE5. Position thresholds vs carrier frequency for Gabor stimuli. In all three panels, solid symbols representthe data for the fixedSDcondition(i.e., where, at a giveneccentricity,the envelopeof the stimulusis held fixed and the carrier frequencyis varied, thus changingthe numberof carrier cycles within one envelope SD) and open symbolsrepresent the data for the fixed SF condition(where, at a given eccentricity, the carrier frequency of the stimulus is held fixed and the envelope SD is varied; thus changing the number of carrier cycles within one envelope SD). account for the slight elevation in threshold.The circles represent thresholds measured at 10 deg eccentricity under the fixed SF condition. These data result from replotting DL's 10 deg eccentricity results (circles) in Fig. 3 . The data point labeled 0.56 deg in Fig. 3 has not been replotted, since as discussed earlier, it did not have the same carrier SF as the other data points. These thresholds are almost identical to those obtained under the fixed SD condition. Thus, varying either the carrier SF or the envelope size has little effect upon peripheral localization thresholds 'over the range of carrier SFS (expressed in cycles pei envelope SD) tested. However, for the fixed SF condition, we would expect (based on results shown in Fig. 3 ) that if the SD were further increased beyond the range shown (beyond the limits imposed by our display device size), position thresholds would begin to rise, since the SD would then exceed~i. The middlepanel of Fig. 5 shows data for the fixed SD condition for another observer at three different eccentricities. For eccentricities of 2.5, 5.0 and 10 deg the envelope SDS were fixed at 0.07, 0.14 and 0.28 deg, respectively. The results at an eccentricity of 10 deg shown in the upperpanel also seem to hold at otherretinal eccentricities. At any given eccentricity thresholds are nearly independent of both the SD of the envelope and the SF of the carrier (over the ranges tested). The lower panel shows, for a third observer, 10 deg eccentricity data under the fixed SF (3.57 cldeg) condition and 5 and 2.5 deg eccentricity data under the fixed SD (0.14 and 0.07 deg, respectively) condition. In all three cases the data are comparable to those in the upper two panels. The solid diamonds in the lower panel show low contrastpositionthresholdsand are describedbelow. It must be noted that the solid symbols at Oc/SD carrier frequency in the middle and lower panel represent thresholds for Gaussian patches with the same envelope SD as the comparableGabor patches (see figurelegends), but with no carrier. These stimuli did not have a fixed SF of 3.57 cldeg and are shown for purposesof comparison.
Effect of contrast. Stimulus contrast has only a small effect on peripheral localization thresholds. The solid diamonds in the lower panel of Fig. 5 show localization thresholdsfor the fixed SD (0.28 deg) condition,with the patch contrast set to a factor of 2 above the observer's detectionthresholdfor each selected carrier SF (note that these data have been shifted slightly along the abscissa for clarity).The largest solidcircles representthe position thresholds for the corresponding high (80%) contrast patches. Thresholds for the two levels of contrast were found to be very similar.
The effect of contrast is shown more systematicallyin Fig. 6 , where localizationthresholdsfor a Gaussianpatch (envelope SD of 0.28 deg) presented at 10 deg eccentricity are plotted for two observersas a functionof patch contrast (specified as Weber contrast). The lines are power functions fit to the data and have the form:
where k is a constant, C is the peak Weber contrastof the patch, and n is the slope of the line (on log-logaxes). For the two observers,the slopeswere -0.1 +0.05 (HD) and -0.034-L-O.05(HB). The solid circle near the abscissa shows HD's detection threshold for the patch. Effects of carrier phase and orientation. Peripheral localizationthresholdsare also fairly robustto changesin carrier phase or orientation. Figure 7 showsthat changing the carrier phase (circles) from cosine (Odeg) to sine (90 deg) phase has little if any effect on peripheral localization thresholds. Changing the orientation of the carrier (triangles) from vertical (90 deg) to horizontal (Odeg) also has very little effect. This is somewhat surprising,because, naively, one might suspect that isoeccentric localization would be aided by having the carrier aligned with the reference, rather than orthogonal to it.
Separation or eccentric@? In our experiments the observer's task is to localize the patch relative to a fixation target. The task could thus be considered a two- 28deg -Eccentricity lodeg   m .,,. ,,, , """"--...............@....,,,,,,,,.......,.,,....,.,..Q,,,,,,,,@,,,,,,,o   @.... . .. . . ........@........@.........@ 
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1 Webar Contraat FIGURE 6. Position thresholds for a Gaussian patch at 10 deg eccentricity,plotted as a functionof patch contrast (specifiedas Weber contrast). The lines are power functionsfitted to the data (Eqn 5: note that the lowest contrast point for HB was excluded from the fitting). The circle near the abscissa showsHD's contrast at detectionthreshold for the patch.
feature alignment task, Since the separation and the eccentricity of the patch co-vary, it could be argued that the separation between the patch and the fixation target (rather than the patch eccentricity) determines performance. This issue is addressed in two control experiments. In the first,we measured alignmentthresholdsfor a pair of identical peripheral patches, separated by 20 deg. In this experiment, the two patches were presented symmetrically about fixation (so each patch was at an eccentricity of 10 deg). There was no fixationpoint. We varied the carrier SF from O(Gaussianpatch) to 3 c/SD of an 80% contrast Gabor patch, keeping the envelope SD fixed at 0.85 deg (similar to the fixed SD conditions described in relationship to tricity prediction, but is not compatible with the separation prediction.
q---------------------------
To test the question further, we measured alignment thresholds for a pair of Gabor patches (1 c/SD; 80% contrast; envelope SD 0.85 deg) presented on an isoeccentric arc of radius 10 deg (see inset in the lower panel of Fig. 8 ). This strategy allowed us to vary the patch separation from 5 to 20 deg, while keeping the patch eccentricityfixed(at 10 deg). The lines in the lower panel of Fig. 8 show the two very different predictions: the thick dotted line shows the separationprediction (thresholds should increase by a factor of 4 as separation increases by a factor of 4); the dashed line shows the eccentricityprediction(thresholdsshouldbe independent of separation). Thresholds (circles) are almost independent of separationand are consistentwith the eccentricity prediction for the pair of patches ({2 times the single patch threshold). This result is consistent with previous studies using broadband stimuli presented on isoeccentric arcs, which showed that when the separation is comparable to the eccentricity, thresholds for spatial interval discrimination and alignment are limited by eccentricity and not by separation (Levi & Klein, 1990b; Burbeck & Yap, 1990 -for a discussion of tasks which are not limited by eccentricity see Morgan & Watt, 1989 and Klein, 1989) .
DISCUSSION
Scaling of peripheral localizationby eccentricity
Our control experiments suggest that the stimulus eccentricity plays an important role in limiting performance. Thus, one way of summarizing our data is to normalize the data by the stimuluseccentricity.In Fig. 9 (top panel) we show the effect of varying the stimulus envelopeby replottingthe data of Figs 2 and 3, with both axes scaled by eccentricity.Specifically,we dividedboth the thresholds and the Gaussian envelope SDS by the effective eccentricity (E", i.e., Ecc +E2) of the stimulus. Ez. represents the rate of performance fall-off with eccentricity(i.e., it is the eccentricity at which the foveal asymptoticthresholdor intrinsicblur doubles,the foveal value being obtained by extrapolation).We used an E2 value of 0.6 deg, since this corresponds roughly to the average of the E2 values for the asymptotic position thresholds (0.61 t 0.55 deg) and for~i (0.60 t 0.48 deg) discussed earlier (see section titled "Effects of envelope size"). Note that the precise value of E2 in our experiments is open to question, since we have no data near the fovea to constrainthe fit; however, our choice of E2 value has little effect over the range of eccentricities tested here (it would, however have a large effect at very small eccentricities). Resealing our data for our three observers,for eccentricitiesbetween 2.5 and 10 deg, and fitting our resealed data with the equivalentnoise model describedby equation (3), we find that for Gaussian SDS less than P.2E*,the position thresholdsare approximated by 0.02E (or approximatedby 0.023 times eccentricity, if eccentricityis used instead of E* see rightmostcolumn of Table 1 ); for SDS greater than 0.2E*, the position thresholds are approximately proportional to the Gaussian envelopeSDS.These results can be describedby the following very simple model: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .............. ............... peripheral localization: one where thresholdsare = 1/50 of the patch eccentricity, and the other where thresholds are = 1/5 of the patch SD (averaged across observers, eccentricities and conditions, threshold in this regime is 0.2~0.05 times SD). Under our experimental conditions, the "eccentricity-dependent" limit appears to dominate when the patch SD is less than about 0.2E (or E > 5SD), and the "blur dependent" limit applies when the patch SD is greater than about 0.2E (or E < 5SD).
Our results indicate that the precision of peripheral localization is remarkably robust. Over a wide range of stimulus conditionsour observers can localize a peripheral patch with a precision of approximately 1/50 of the target eccentricity. This precision is similar to that obtained with 2-dot or 2-line alignment, when the observer fixates one of the features, and the other is presentedin the periphery (Waugh & Levi, 1993b . It is only when the spread of the stimulus is large that thresholds are constrained by the structure of the multipliedby a factor of <(2rc) (i.e., approximately2.5); stimulus. Specifically, we found that localization thus, the visual system can localize a luminance profile thresholds were degraded by a factor of <2, when the with an extent of approximately half the target eccenenvelope SD was approximately0.2 times eccentricityof tricity, with a precision of 1/50 of the target eccentricity. the patch. To relate the spread of a Gaussian to targets An implicit assumptionin our experiments is that the with a rectangular profile, the Gaussian SD should be thresholds measured reflect the precision with which peripheral patches can be localized. Although fixational eye movements and errors in foveal localization must contribute to the variance of our measures of peripheral positionalthresholds,this additionalvariance is unlikely to have significantlyinfluencedour resultssince the same fixation target was used in all experiments, and since foveal position thresholds are very acute. However, the key advantage of our paradigm of localizing a single patch over the relative localization experiments consisting of two or three peripheralpatches (e.g., Levi & Klein, 1990a; Hess & Hayes, 1994) is that it eliminates complicationsresulting from separation, overlap, etc. of the stimulus components.
Also shown in Fig. 9 (upper panel-squares with crosses) are the relative localization data of Hess & Hayes (1994 replotted from their Fig. 5 and these are discussed in the following subsection).The lower panel of Fig. 9 replots the Gabor thresholds of Fig. 5 normalized by the effective eccentricity. Over a range of carrier frequencies from O to 4 c/SD (and over the corresponding variation in the patch bandwidth), the position thresholds for Gabor patches are approximated by 0.02E*(as was found for the Gaussianpatches)and are independent of carrier frequency and bandwidth of the patches.
Relationship to previous data
For small amountsof stimulusblur we find localization threshold(Th) to be a more or less constantfraction (k) of the target eccentricity [i.e., Th x k(-!lcc)], which is consistent with a number of previous studies of both "absolute" and relative peripheral localization. Previous estimates for k range between about 0.01 and 0.04 (see Table 4 of White et al., 1992 and Table 4 of Waugh & Levi, 1993b) . The spread of values for k appears to be related to: (i) differencesbetween radial and isoeccentric position thresholds [isoeccentric is better than radial- Yap et al. (1987b); White et al. (1992) ]; (ii) the number of reference targets [e.g. 2-line Vernier alignment (Waugh & Levi, 1993b ) vs 3-line Vernier alignment (Klein & Levi, 1987; Levi & Klein, 1990b ) vs 3-line spatial interval (Levi & Klein, 1990a) ]; and (iii) individual differences. Our estimate of k % 0.02 is within the range of estimates obtained from previous studies using localized, broadband stimuli (i.e., lines and dots). Snyder (1982) suggestedthat blurring the stimulus may actually improve positional acuity in peripheral vision, where spatial sampling is sparse; however, the present results do not support this hypothesis, since our "absolute" position thresholdseither remain constant, or increase with increasing SD [equation (6)]. A similar conclusionwas reached for relative localization (Levi & Klein, 1990a) .
We find "absolute" positional thresholdsto scale with stimuluseccentricity and with SD, as shown by equation (6) and to be independentof stimulusSF and bandwidth. On the other hand, Hess & Hayes (1994) reported that relative positional threshcildsfor localizing a peripheral Gabor patch (using a pair of fixed peripheral Gabor patches as references) scale with the SD of the stimulus envelope,rather than with the stimuluseccentricityof the outermostpatch. We wonderedwhether our resultsin this paper and the Hess and Hayes data could be reconciledor whether there were fundamental differences between "absolute"and relative position thresholds.
In the Hess and Hayes study,observershad to judge the position of a peripheral Gabor test patch relative to two peripheral reference patches. Hess and Hayes plotted their position thresholdsas a function of the eccentricity of the test patch. In their Fig. 2 , it appears that thresholds generally increase with eccentricity; however, it also appears that thresholdsdepend on the SF and bandwidth (envelope size) of the stimuli. However, in their experiment, the reference patches were at a greater eccentricity than the test patch (since the separation was 5 times the envelope SD). We reasoned that the outer reference patches would limit positionjudgments since they were more eccentric, and therefore would have had greater position uncertainty than the less eccentric test patch. Hess and Hayes observed that when the position thresholdsshown in their Fig. 2 are plotted as a function of eccentricity of the most peripheral element, the three functions shown in their figure could be collapsed into one. We attempted to compare this collapsed function with the position thresholds shown as a function of eccentricity in our Fig. 4 . Similarities between the two sets of position thresholds, if found, would suggest that our "absolute" localization thresholds are not quantitatively differentfrom their relativelocalizationthresholds.
In order to facilitatecomparisonof the Hess and Hayes data with our data, we have replotted in Fig. 10 the data from their Fig. 2 using as the abscissathe eccentricity of the outer reference patches (Klein & Levi, 1987; Levi & Klein, 1990b) .Repotting the data in this way shows that over a range of Gabor carrier frequencies and envelope sizes (their envelope SDSvaried from 0,76 to 0,05 deg), Hess and Hayes' alignment thresholds increase in proportion to the eccentricity of the outer patches. Similar conclusions are also reached by repotting the data of Hess& Field (1993)-see Levi& Klein (1996) .It is interesting,however, to note the close correspondence between the Hess & Hayes results and those of the present study.The dotted line in Fig. 10 showsthresholds proportional to 1/50 of the eccentricity of the outer patches (k= 0.02-thevalue of k found in our study, see Fig. 4 -the actual best fitting value of k for their data is =0.028). Over a range of Gabor carrier frequencies and envelope sizes, relative and "absolute" position thresholds are very similar quantitatively and appear to scale with eccentricity.
Apart from showingthat positionthresholdsscale with eccentricity, our results also show, for the most part, an absence of an effect of stimulus structure on position thresholds over a wide range of conditions. It is only when the envelope size is made very large that position thresholds are elevated. This absence of an effect of stimulusstructurefor small amountsof blur is consistent with a number of previous studies using Gabor patches, Hess and Hayes (1994; Fig. 2) are replottedusingas the abscissa the eccentricityof the outer reference patches (rather than the central patch). Replottedin this way, the alignmentthresholdsincrease in proportionto the eccentricity of the outer patches. The dotted line showsthresholdsproportionalto 1/50of the eccentricity of the outer patches (k= 0.02-thevalue of k found in our study; the best fitting line had a slope of 0.021t 0.002). Over a range of Gabor carrier frequencies and envelope sizes (their envelope SDS varied from 0.76 to 0.05 deg), Hess and Hayes' positionthresholdsappear to be limited by the eccentricity of the outer patches.
or filteredtargetswhich found little or no effect of carrier frequency (Burbeck, 1987; Toet & Koenderink, 1988; Kooi et al., 1991; Levi & Klein, 1992; Hess& Holliday, 1992) . The results are also consistent with previous studies of localization with broadband stimuli which found only a weak dependence of threshold on stimulus contrast (e.g. Waugh & Levi, 1993b; Hess & Hayes, 1994) . On the other hand, it appears to be inconsistent with Fig. 5 in Hess & Hayes (1994) , which shows position thresholdsto be dependenton the envelopesize. We believe that our study may help clarify the question of what limits peripheral position thresholds.Our results show that peripheral localization is rather robust to blur. Thresholds are only degraded when the envelope SD exceedsapproximately0.2Ecc. In the main experimentof Hess and Hayes, the envelope SDSwere smaller than 0.2 times the eccentricity of the outer patches. On the other hand, in their experiment designed to test whether eccentricity or stimulusstructureis more important,they employedextremely large amountsof blur. In each of the four cases tested, the envelope of the "coarse scale" (more blurred) target overlapped the fovea (SD >1.5 times the eccentricityof the test patch and =0.2 timesthe eccentricity of the outer patches). Thus, under these circumstances, thresholds would be expected to rise because in this range of SDS performance is limited by the envelopeSD of the centerpatch. This is shownclearly in Fig. 9 where we have overlaid our results with all the data from Hess & Hayes' Fig. 5 (squares with crosses) normalized by eccentricity.The data from each panel of their figure (representing different eccentricities of the middle patch) fall along the rising portion of the curve (i.e., in each case, the coarse scale stimulus has an envelope that has a SD exceeding 0.2Ecc). It is also interesting to note that thresholds for their fine scale stimuli (the leftmost point of each pair from Fig. 5 ) are similar to ours. Thus, the present results, and those of Hess and Hayes are compatible with the notion that thresholdsmay be limitedby either the target eccentricity (when the spread is less than 0.2Ecc) or the target spread (when it exceeds 0.2Ecc).
For patches with SDS greater than approx. 0.2E, we find that position thresholds are 0.2SD. This finding is interesting for several reasons: first, it suggests that peripheralpositionthresholdsare indeed a "hyperacuity", sinceresolutionthresholdsare approximatelyequalto the SD (Levi & Klein, 1990a) .However, thresholdsthat are lower than those reported in this paper can be obtained Eccentricity/SD FIGURE11.Positionthresholds(from Figs 2 and 3) for Gaussianand Gaborpatches have been dividedby tbe patch SD, and are plotted as a functionof the patch eccentricity dividedby the patch SD. This plot showsthat scaling position thresholds and eccentricity by patch SD makes the data collapse into a more or less unitary function. The dotted line shows the best fit to the entire data set using Eqn 7 (the fit is a curve rather than a straight line because of the logarithmic ordinate). The two thick lines show the two limits predicted by the simple model suggested by Eqn 6; the dashed line illustrates the "eccentricity" limit, where threshold is =0.02E*; the solid line is the "blur dependent"limit, where thresholdis =0.2SD. The squares with crosses are the data of Hess and Hayes (1994; their Fig. 2 replotted using the eccentricity of the outer patches/SD)for comparison.
with overlapped Gaussianblurred bisection stimuli (Levi et al., 1990) . Second, this finding is comparable to Hess & Hayes, (1994) "coarse scale" results shown in their Fig. 5 (for the coarse scale stimuli their threshold, averaged acrossthe four conditionswas also 0.2 SD), and to the spatial interval thresholdsobtained with Gaussian bars when SD is greater than 0.3 times separation (Levi& Klein, 1990a) . In some respects, the finding that position thresholds are proportional to the patch SD is not surprising. For example, it has been argued on statisticalgroundsthat the threshold for locating the centroid of a luminance distribution in noise should be proportional to the blur of the distribution (Morgan& Aiba, 1985; Morgan, 1991; Krauskopf& Farell, 1991) .Specifically,statisticaltheory states that the variability of the estimate of the mean of a Gaussian distribution is given by SD/{n where n is related to the contrast or amplitude of the distribution (Krauskopf & Farell, 1991; Morgan, 1991) .On the other hand, two aspectsof our data are not directlypredictedby statistical theory. First, we find that position thresholds are independent of the blur distribution until the blur is quite extreme. Second, we find only a very weak dependence of position thresholds on patch amplitude orcontrast [as do Hess & Hayes (1994) ].Thus, our results suggest that the nonlinear processes which are responsible for peripheral localization operate in a more complex manner than predicted by the evaluation of simple statisticssuch as the mean of a distribution.
Scaling of peripheral localizationby stimulusSD
An alternative to scaling both axes of Figs 2 and 3 by the eccentricity (Fig. 9, top panel) is to scale both axes by the SD of the stimulusenvelope.Thus, Fig. 11 replots all our position thresholds as a function of the patch eccentricity, both axes being scaled by the patch SD. This plot is similar in format to Fig. 9 in Hess & Hayes (1994) ,and we have includedtheir data (from their Fig. 2 , plotted against the eccentricity of the outer patches/SD) for comparison. As in their figure, this plot shows that scaling position thresholdsand eccentricity by the patch SD make the data collapse into a more or less unitary function. The thin dotted line shows the best fit to the entire data set using the equation:
where Th, is the positionthresholdscaledby stimulusSD, k is a constant, Ecc, is the eccentricity scaled by the stimulusSD and E2 describesthe rate of change of scaled thresholdwith scaled eccentricity.The fitis a curverather than a straight line because of the logarithmicaxes. The Ez obtainedfrom this fit is 3.3'7+ 0.17 deg/SD,indicating that the peripheral position threshold (in SD units) doubles when the eccentricity is between 3 and 4 times the patch SD. This scaling by SD works well because at small values of Eccentricity/SD (i.e., at large values of SD, since our smallest eccentricity was 2.5 deg), thresholds are proportional to SD; it also works well at large values of Eccentricity because, in this regime, thresholds depend on eccentricity, and the SD (in both axes) becomes irrelevant. The two thick lines show the two limits predicted by the simple model suggested by equation (6); the dashed line illustratesthe "eccentricity" limit, where threshold is =0.02E*; the solid line is the "blur dependent" limit, where threshold is =0.2SD.
Relationship to eye movements
The local sign model which we are proposing is in many respects similarto that proposedby Lotze (1885) to guide eye movements to peripheral targets; thus it is instructiveto compare the present results with studies of saccades to peripheral targets. Similar to "absolute" position acuity (White et al., 1992) , saccades to isoeccentric stimuli are more precise than to radial stimuli (Van Opstal & Van Gisbergen, 1989) ;however,saccades are not quite as precise as localizationin perceptualtasks (the standard deviationsof saccades are about 0.03-0.05 times the eccentricity; Kowler & Blaser, 1995; Van Opstal & Van Gisbergen, 1989) . Interestingly, when saccades are made to targets of different sizes, the accuracy, precision and latency of saccadesis unaffected until the diameter of the target exceeds about half the eccentricity, suggesting that saccades are based on a mechanism that finds the center of gravity of the target (Findlay, 1982; Kowler & Blaser, 1995) .For stimuliwith larger diameters, the precision of saccades is reduced, as is the precision of perceptual localizationof the centroid. It would be interesting to compare the precision of saccades to Gaussian and Gabor patches with the results of the present study.
Relationship to anatomylphysiology
It is instructive to compare our results with the limitations imposed by known anatomical and physiological propertiesof the primate visual system.The dashed lines in Fig. 12 represent estimates of the spacing of cones (Hirsch & Miller, 1987) and ON p-Beta retinal ganglioncells (Wassleet al., 1989) ;the dotted lines show the cumulated jitter (SD) in the spacing of parafoveal cones (Wilson, 1991) . The solid lines show the sizes (diameters) of receptive fields of cells in the LGN (averaged across magno and parvo cells; Derrington & Lennie, 1984-Fig. 6 ) and in cortical areas V1 (Dow et al., 1981; Fig. 8 ) and V2 (Gatass et al., 1981) . The symbolsshow two parametersof interestfrom the present study. Solid symbols are the asymptotic (unblurred) thresholdsfrom Fig. 4 . These representthe thresholdsfor localizing a single patch, and are approximately 1/50 of the eccentricity. These thresholds (specified at d'= 1, equivalent to 1 SD), are clearly about a factor of two larger than either cone or ON p-Beta retinal ganglioncell spacing, and are slightly (about 50%) larger than Wilson's estimate of cumulative cone jitter. The asymptotic thresholds are larger than the average diameter of LGN receptive fields, but are considerably smaller than the average diameters of classical receptive fields in V1 and V2. The open symbols represent our estimate of the diameter over which position can be precisely pooled. (Here, the term "pooling" is used in a loose sense, because position thresholds are not lowered with increasing SD of the patch, i.e., by more "pooling". In reality, thresholds either remain constant or increase with increasingSD -Figs2 and 3) . Specifically,the open symbolsrepresentour estimatesof~i (from Fig. 4) , which have been multipliedby {(2n), to make these measures more readily comparable to the diameters of receptive fields. It is interestingto note that these two parameters, the asymptotic thresholds, and the position pooling diameter change at approximately the same rate with eccentricity(they are nearly parallelcurves), and they are separatedby abouta factor of 25 at all eccentricities.This may represent the most surprising result of our studythat is, at any eccentricity,a patch which extendsup to 1/ 2 of the eccentricity can be localized with a precision of 1/50 of the eccentricity. Interestingly, the position pooling diameter is considerablylarger than the average diameter of LGN or V1 receptive fields,but is similar in size (about0.5Ecc)to the receptivefieldsfound in V2 and perhaps other extra striate areas (J. Maunsell, personal communication).
The close correspondence of V2 receptive field diameter and the lack of correspondence of the V1 receptive field diameter with the position pooling diameter does not necessarily imply that V2 is involved in judging position; the correspondence may be coincidental. Another possibilityis that position signals may be pooledvia long-rangelateral interactionsin Vl, which also extend over distances of approximately 0.5Ecc. In this regard, it is interesting to consider that contour interactionsin peripheral vision extend over comparable distances, and these interactions have frequently been attributedto long range interactionsin VI (Bouma, 1970; Toet & Levi, 1992; Gilbert, 1992; Kooi, Toet, Tripathy & Levi, 1994; . Perhaps in peripheral vision, the presence of similar contours within the position pooling diameter causes a perceptual grouping of the features and a loss of the local position code. Figure 12 leads to the conclusion that peripheral position thresholds are probably not limited by the position labels of individual cones or retinal ganglion cells, as supposed by Lotze. Rather, the visual system appears to be capable of precisely localizing the centroid of a light distributionwhich extends over a large number of cones and/or retinal ganglion cells. Moreover, since the thresholds are independent of the Gabo~carrier frequency,the process of localizingthe envelopemust be L--. . . . . . . ----.  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Fig. 4) , which have been multiplied by <2rr, to make these measures more readily comparable to the diameters of receptive fields. It is interesting to note that these two parameters, the asymptoticthresholds, and the position pooling diameter, change at approximatelythe same rate with eccentricity (they are nearly parallel curves), and they are separated by about a factor of 25 at all eccentricities. At any eccentricity, a patch which extends up to 1/2 of the eccentricity can be localized with a precision of 1/50 of the eccentricity. For comparison,the dashed lines illustrate estimates of the spacing of cones (Hirsch & Miller, 1987) and ON p-Beta retinal ganglion cells (Wassle et al., 1989) ; the dotted lines show the cumulatedjitter (SD) in the spacing of parafoveal cones (Wilson, 1991) .The solid lines show the sizes (diameters) of receptive fields in the LGN (average across magno and parve; Derrington & Lennie, 1984-Fig. 6 ) and cortical area V1 (Dow et al., 1981; Fig. 8 ) and V2 (Gatass et al., 1981) .
Models for peripheral localization
postreceptoral and nonlinear (Hess & Hayes, 1994) . Since well separated targets can be localized as precisely when the test line is presented to one eye, and the reference line to the other (McKee & Levi, 1987) , this process occurs at or beyond the site of binocular integration. We emphasize here, that the limits to performance in peripheral localization are set by the properties of the peripheral retina and its cortical representation when the stimulus spread is smaller than the position pooling diameter, and the spread of the stimulus when it exceeds the spatial pooling diameter.
Our results have some interesting implications for understanding the metric for peripheral localization. Recently, Hess & Badcock (1995) have argued against a spatialcode as the metric for separationdiscrimination. However, we believe that their rejection is based on a faulty assumption about the nature of a spatial model. The simplest spatial model is one in which the representation is topographic. However, Hess and Badcock assume a "spatial" model in which localization accuracy depends on the size of the region of activation. A simple spatial model would predict thresholds to be independent of stimulus size. The results of the present study suggest that the representation of peripheral position is both topographic(when the stimulus is small relative to the eccentricity) and dependent on the region of activation (when the stimulus is large relative to the eccentricity). Thresholds are proportionalto eccentricity until their full spread [i.e., {(27r)(SD)] extends over approximately 0.5 times the target eccentricity. Such a spatialrepresentationwould be importantin directingeye movements and attention to peripheral targets.
